Sugars and polyols have been widely used by biochemists to protect the native structure of pro teins and the enzyme activity from thermal dena turation or inactivation. Although several stabili zation mechanisms were proposed based on dif ferent approaches, they seem to converge to a common concept that this phenomenon is pri marily mediated through the effects of these polyhydric compounds on the structure of water so as to strengthen the hydrophobic interaction of pro teins (1) (2) (3) (4) .
Through thermodynamic investiga tions of the solute-solvent interaction and protein denaturation, we have recently proposed that globular proteins are preferentially hydrated in polyol-water mixtures due to an exclusion of polyol molecules from the nonpolar surface of the pro teins and the resultant increase in chemical poten tial of the proteins is a driving force to minimize the protein-solvent interface, leading to stabiliza tion of the native conformation of the proteins (5) (6) (7) (8) .
This explanation seems to be generally accepted for globular proteins whose structural stability is mainly due to intramolecular hydrophobic interactions. Fibrous proteins, however, may differ from globular ones in their response to these stabilizing reagents since the structural stability of those two types of protein seems to depend on considerably different forces. Therefore, the characteristic effects of these compounds Figure 1 shows plots of Tm against molar concentrations of various polyols added, where the data for methanol and ethanol are included for the sake of comparison. In contrast to monohydric alcohols, the addition of polyols raised Tm in proportion to their concentration. Although this behavior was expected from the limited data provided by Harrap (10) and Russell (12), the present results, covering a wider range of isomers, clearly demonstrate the stabilizing ability of polyols for the collagen structure.
As shown in Fig. 2 Figure 3 shows the temperature-pressure (T-P) diagrams of collagen corresponding to the midpoints of the helix-coil transition in various solvent systems. Although these T-P curves refer not to real but to apparent equilibrium under the experi mental conditions used, they seem to provide important new information about the solvent effects on the structural stability of collagen.
The positive slopes observed independent of solvent composition suggest that the triple helix of collagen is stabilized additively by the presence of pressure and those additives.
That is, the stabilizing effects of polyhydric compounds are not greatly modified by pressure, as was the case with the effects of
DISCUSSION
The present results with collagen demonstrate that the stabilization of protein structure by sugars and polyols is common to both structural types of protein (globular and fibrous) under various pres sures.
It is of interest to know whether the stabilization mechanism is based on a common ability of these reagents to develop the hydrogenbonded structure of water. It may be pertinent , therefore, first to discuss their stabilizing effec tiveness in terms of modification of the water structure. As mentioned above, the water-structuremaking character of sugars and polyols is an important factor stabilizing the collagen structure , while both isomers seem to enhance the water structure by different molecular mechanisms (7) . Solvent perturbation may lead to an alteration in stabilizing forces of the protein such as electro static interaction, hydrogen bonding and hydro phobic interaction. Electrostatic interaction should be stronger in aqueous solutions of these additives which have dielectric constants lower than water.
However, this effect would be rela tively small as a stabilizing force, since collagen may be electrostatically at its maximum stability under the experimental conditions used (pH 4.0 and salt-free system). This is also expected from the small pH dependence of the effectiveness of these additives in the stabilization of globular proteins. It is not likely that the stabilization of collagen structure by these polyhydric compounds is mediated through the strengthening of peptide peptide hydrogen bonds, since the free energy of transfer of peptide group from water to aqueous polyols is negligibly small (7). However, our data do not preclude the possibility that these materials may strengthen the bridge interaction between peptide chains to stabilize the triple helix, by replacing the bridging water molecules which may link the C=0 groups of the glycine and Y-residues in the collagen unit, (Gly-X-Y), (25). A noteworthy characteristic of polyhydric compounds dissolved in water is to strengthen the hydrophobic interaction between coexisting nonpolar solutes.
The observed stabilization of collagen by them, therefore, might be explained in this way if the hydrophobic interaction between the nonpolar residues on the protein surface plays a role in the structural stability.
An interpretation of alcohol denaturation of this protein was also proposed along this line (9, 10). However, a smaller increase in Tm of collagen with these addi tives as compared with that for globular proteins suggests that this type of hydrophobic interaction, if it exists, is not a dominant stabilizing force of collagen.
The pressure-induced stabilization of collagen tends to rule out such a hydrophobic stabilization mechanism, since the hydrophobic interaction between detergent or n-alkane mole cules is known to be weakened under high pressure (26, 27). The hydrophobic surface of collagen molecules, which is probably due to a large amount of pyrrolidine residues , could rather effec tively induce preferential hydration of the protein through the preferential exclusion of these poly- (5, 6, 28) . Although these speculative explanations should be confirmed through a preferential solvent interaction study of this protein in these mixed solvent systems, the findings that the effects of sugars and polyols on thermal denaturation of collagen are similar to those of globular proteins suggest that our stabi lization mechanism proposed for globular proteins may be basically extended to fibrous proteins such as collagen.
Thus, the protein stabilization by polyhydric compounds could be generally regarded as a result of preferential hydration of the proteins, fibrous as well as globular, originating in the water-structure-making character of these mate rials.
